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MPROVING forage yield and quality are important objectives in breeding switchgrass. Gain from selection in a breeding program for a cross-pollinated species such as switchgrass depends on genetic variation within a population for a given trait, heritability of that trait, and selection intensity (Falconer, 1981) .
Previous research indicates that substantial genetic variation for IVDMD exists in switchgrass. Both Talbert et al. (1983) and Godshalk et al. (1986) reported erately high heritabilities, calculated on an among and within half-sib family basis, for IVDMD in lowland switchgrass types originating from floodplains. Vogel et al. (1981) observed realized heritabilities of 0.59 for high IVDMD and 0.55 for low IVDMD in upland switchgrass types, which are shorter and finer stemmed than lowland types.
Heritabilities for forage yield in switchgrass are very low to moderately low. Using parent-progeny regression, Newell and Eberhart (1961) for forage yield have ranged from 0.20 (Godshalk et al., 1986) to 0.59 (Talbert et al., 1983) .
Utilizing a base population similar in origin and maturity to the tall green population described by Eberhart and Newell (1959) , Vogel et al. (1981) achieved significant shifts in switchgrass IVDMD in a single cycle of divergent RRPS, which is a form of stratified mass selection. In a replicated grazing trial, Anderson et al. (1988) reported that the two-percentage-unit increase IVDMD for the High IVDMD Cycle 1 population, later released as the cultivar Trailblazer (Vogel et al., 1991) , led to a > 20% increase in steer (Bos taurus) gains per hectare compared with 'Pathfinder', a switchgrass cultivar similar in origin to the base population. Forage yield was not changed by divergent selection for IVDMD.
The effectiveness of RRPS (Burton, 1974) in improving forage yield in switchgrass has not been tested, nor has its effectiveness in improving IVDMD in multiple cycles of selection. Information is also lacking on direct comparisons between predicted and realized gains from selection in switchgrass, after either single or multiple cycles of selection. Our objectives were to determine the effectiveness of multiple cycles of RRPS in improving forage yield, and alternatively IVDMD, in an upland switchgrass population, and to determine predicted and realized gains from selection in this same population.
MATERIALS AND METHODS

Population Development
Population development, as summarized in Table 1 and Fig.  1 , took place at the Nebraska Agricultural Experiment Station near Mead, 55 km northeast of Lincoln in southeast Nebraska on a Sharpsburg silt loam (fine, montmorillonitic, mesic Typic Argiudoll). All strains were developed from the ey and ff upland type populations described by Newell and Moline (1978) , which together constitute the base population. Separate spaceplanted nurseries were used to select for IVDMD and forage yield. All space-planted selection nurseries were sampled or harvested the first or second year following establishment and fertilized annually with NHaNO3 at rates of 90 to 112 kg N ha-'. The method of Moore et al. (1991) for describing morphological development stage of perennial grasses will be used in this report.
A description of the nursery and the methods used to initiate RRPS for IVDMD is given by Vogel et al. (1981) . The restrictions imposed were as follows. In all cycles of selection for IVDMD, the nursery was stratified into rows, and the most leafy, vigorous plants in a row (--20%) were sampled at panicle emergence (R1 stage). For each row, the sampled plants with the highest IVDMD were selected. Of these, only diseasefree plants with adequate spring vigor were placed in a replicated polycross isolation (two replications). An equal amount of seed was then bulked from each genotype in the polycross isolation to start the next cycle of selection.
Selection for forage yield differed slightly from selection for IVDMD. In the High Yield Cycle 1 selection nursery, the restrictions included harvesting every plant for forage yield, stratifying the nursery into rectangular 32-, 20-, or 25-plant Abbreviations: Cn, nth cycle; IVDMD, in vitro dry matter digestibility; OP, open-pollinated; PC, polycrossed; PLS, pure live seed; RRPS, recurrent restricted phenotypic selection. selection blocks (differences due to an uneven number of rows), and basing selections on 2-yr means. Plants were harvested with a flail-type plot harvester at anthesis (R4) in 1976 and the R1 stage in 1977. The phenotypic correlation between forage yields for 1976 and 1977 was r = 0.65 (P < 0.01). The repeatability estimate, calculated using years as replications (Falconer, 1981, p. 126-127) , was 0.98 for forage yield. the High Yield C2 selection nursery, the top 25% of plants were visually chosen based on vigor for harvesting and, due to the high correlation and repeatability estimates calculated for Cycle 1, final selections were made on the basis of a single year's forage yield. Plants were harvested at the R4 stage in 1981 in the High Yield C2 selection nursery. In both selection cycles, dry matter percentages were determined on a portion of the plants harvested and used to adjust forage yields to a dry-weight basis. Polycrossing restrictions were the same as those used in selecting for IVDMD.
Progeny Trials for Heritability Estimates
A replicated progeny trial was conducted to obtain heritability estimates, to predict gain from selection for IVDMD, and to determine genetic correlations between forage yield and IVDMD. In this study, the populations designated Low IVDMD C1 and High IVDMD C1 are the same as those designated Low IVDMD PC and High IVDMD PC, respectively, by Vogel et al. (1981) . The Low IVDMD PC and High IVDMD populations were derived by placing parental clones in polycross isolation. Open-pollinated seed was also harvested from the parental clones in the original selection nursery. These populations are identified as Low IVDMD OP and High IVDMD OP by Vogel et al. (1981) . Seed from individual clones was used to plant progeny rows of the four populations ( respective sampling dates; yield was adjusted for dry matter and plot length.
Estimating Gain from Selection Realized gain from selection was determined using a replicated sward trial planted near Mead. The yield test included the base population, the four populations selected for IVDMD, and the two populations selected for high forage yield. Sward plots 4.6 m long by 1.2 m wide were planted on 30 May 1986. A plot drill was used for seeding at a rate of 430 PLS m -2. The experiment was planted as a randomized complete-block design using six replications. Atrazine was applied on 30 May 1986 at a rate of 2.2 kg a.i.. ha -1 for weed control. Plant residue from the first year of growth was burned in early spring of 1987. A mixture of 2.2 kg a.i. ha -~ alachlor [2-chloro-N-(2,6-diethylphenyl)-N- (methoxymethyl) Aug. 1987 and 1988 . Care was taken not to sample regrowth. In 1989, a single sample was taken at R3 on 27 July 1989 for dry matter determination only. Forage was harvested using a plot flail harvester within 1 or 2 d after the final forage sample was collected. The harvester cut a swath 0.9 m wide, the length of the plots. Cutting height was 10 cm. Forage yield was adjusted to a dry-matter basis, using the dry matter percentage from the previously collected forage sample. Dry weight of the samples taken during the season was added to the dry weight of harvested plot yield to give a total dry weight yield.
Plot stands were determined after unharvested borders of plots were removed. A 1-m 2 grid, divided into 25 equally sized subsquares, was placed randomly within a plot and the number of squares not containing a live switchgrass plant were counted. The procedure was repeated in a different area of the same plot. The total number of squares not containing a plant was multiplied by 2, and the resulting number was subtracted from 100 to give percent stand.
Forage Quality Analyses
All forage samples from selection nurseries, progeny test, and the sward yield trial were dried in a forced-air oven at =65 °C, and ground in a Wileỹ mill to pass through a 1-mm screen. To determine IVDMD, the Tilley and Terry (1963) procedure was modified by adding 6 g of urea to every 3.5 L of rumen fluid and deleting HgC12 and Na2CO 3 after the first stage. Samples from the sward trial were reground to uniformity using a UDY cyclone mill.
Heritability Estimates and Statistical Analysis
Parent-progeny regression was used to determine two separate heritability estimates for IVDMD, one based on poly-1 Names of products are included for the benefit of the reader and do not imply endorsement by the USDA or the University of Nebraska.
crossed progeny and the other based on open-pollinated progeny. Two-year means from the open-pollinated progeny rows were regressed on the 3-yr parental means from the Cycle 1 selection nursery. This same procedure was used with the Low IVDMD PC and High IVDMD PC populations as well. Heritability was then calculated as twice the regression coefficient; the standard error for heritability was calculated as twice the standard error of the regression coefficient.
Variance Component analysis was also used to determine heritabilities on a half-sib family mean basis as described by Nguyen and Sleper (1983) :
where t~F is the variance among half-sib families, OaFV and O~FR are the variances for the family × year and family x replication interactions, ~ is the error variance, and r and y represent the number of replications and years, respectively. The experimental design was a split plot in time, with all effects being random. Standard errors for heritability estimates obtained using variance component analysis were calculated using the method outlined by Nyquist (1991). Predicted gain from selection was calculated according to Falconer (1981) as:
where S is the selection differential, or as:
where i is the standardized selection differential from Becket (1975) and O'p is the phenotypic standard deviation from the respective selection nursery. Parent-progeny regression heritability estimates were used in predicting gain from selection. Genetic correlations between forage yield and IVDMD were calculated according to Falconer (1981) , using progeny row data and the formula:
where rgy d is the genetic correlation between forage yield and IVDMD, Ogy~ is the genetic covariance between forage yield and IVDMD, ~_ is the genetic variance of forage yield, and d ~s the genetic variance of IVDMD. Reahzed hentabdlaes for IVDMD and forage yield were calculated according to Falconer (1981) .
Analyses of variance procedures were used to analyze the results of the sward trial. Individual year data for forage yield, heading date, and stand percentages were analyzed using a mixed model, with populations as fixed effects and replicates as random effects. Combined years data (1987) (1988) (1989) for these variables were analyzed as a split plot in time with population as the whole plot and years as the split plot. A mixed model was used, with populations as fixed effects, and replications and years as random effects. Individual year data for IVDMD were analyzed as a split plot in time with population as the whole plot and sampling stage as the split plot to test for entry × sampling stage interactions within a year. A mixed model was used, with populations and sampling stage as fixed effects and replications random. Combined years data (1987 and 1988) for IVDMD, using means across sampling stages, were analyzed as a split plot in time, with population as the whole plot and year as the split plot. Populations were fixed effects, and replications and years were random. For the combined years analyses, an error term was synthesized and approximate Ftests were used to test hypotheses regarding population effects according to Neter et al. (1985) ; approximate degrees of freedom were calculated according to Satterthwaite (1946) . The SAS statistical analysis package (SAS Institute, 1985) was used for all data analyses.
RESULTS AND DISCUSSION
Selection Procedures
Phenotypic variation existed in all selection nurseries for either IVDMD or forage yield, as indicated by the phenotypic standard deviations for the plants sampled for quality or harvested for forage yield (Table 1) .
Heritability Estimates
Four different heritability estimates were obtained for IVDMD ( Table 2 ). The heritability estimates obtained by parent-progeny regression are suitable for predicting gain from selection for a mass-selection breeding scheme such as RRPS. Heritability estimates obtained on a halfsib family-mean basis are suitable for selection of parents based on a half-sib family progeny test or on the family portion of a between-and within-family breeding scheme (Empig et al., 1972; Nguyen and Sleper, 1983) . Heritability estimates obtained using either method were lower using the OP row data than those obtained using the PC row data ( Table 2 ). The single generation of selection and intermating separated means of the high and low populations sufficiently to increase heritability estimates determined by parent-progeny regression and by variance component analyses. Polycrossing-selected high and low IVDMD clones in separate isolations produced progenies that more closely resembled the phenotype of the parents than did the OP progeny, resulting in an increase in the parent-progeny regression coefficient. The heritability estimate (h 2) used to predict gain from selection was obtained by regressing performance of OP progeny on performance of parents. This estimate was used because it was not biased by environmental covariances (Vogel et al., 1980; Casler, 1982) or possibly inflated by separate mating of high and low parents.
The heritability estimate for IVDMD obtained using variance component analyses of open-pollinated half-sib progenies was only 0.04. This indicates that gains in selecting for IVDMD in this switchgrass population could not be made without pollination control.
Heritability estimates for forage yield determined by parent-progeny regression were not determined from the set of progenies used in this study, because forage yield data were not collected from parental clones. A heritability estimate of 0.05 as estimated by Newell and Eberhart (1961) using parent-progeny regression in the parental germplasm of the base population was used to predict gain from selection for forage yield.
Parents whose progeny were evaluated in the progeny test were not selected for forage yield and thus could be considered random plants from the population in regard to this trait, assuming no genetic linkages exist between IVDMD and forage yield in the base population. At least half of the parents, the males, of both the High and Low IVDMD OP populations were random, due to unregulated pollination. However, the variance component estimate for families was negative for the OP progenies, while a heritability estimate of 0.22 ___ 0.001 for forage yield was obtained for the PC progenies. This heritability estimate is consistent with the findings of Talbert et al. (1983) , who reported a lower heritability estimate, on family basis, for forage yield compared with IVDMD in switchgrass. Genetic correlations between IVDMD and forage yield were 0.10 for the PC progenies and 0.0 for the OP progenies. These low values provide evidence that few genes influencing forage yield in switchgrass are linked to genes affecting IVDMD.
Gain from Selection
Gain from selection was determined using a replicated sward trial in which forage samples were collected at three stages of plant development. Significant differences (P < 0.05) existed among the populations for IVDMD at every sampling for both 1987 and 1988 (Table 3) . No significant entry × sampling stage interactions for IVDMD were present in either 1987 or 1988 (data not shown), indicating that relative genetic differences among the populations for IVDMD remained constant during different growth stages and climatic periods. This consistency in relative forage quality is important to note, from both a breeding and a management standpoint, because switchgrass forage can decrease in IVDMD by > 200 g kg-1 as it matures during the growing season (Gabrielsen et al., 1990) . Digestibility responded favorably to selection, as evidenced by significant differences (P < 0.05) for IVDMD among the populations, and the consistency of rankings with cycle of selection ( Table 4 ). The High IVDMD C3 population was 37 g kg-1 greater in IVDMD than the base population. Thus, RRPS as practiced in this study was an effective breeding procedure for improving forage quality in switchgrass. Increased digestibility was not accompanied by changes in maturity, as evidenced by nonsignificant differences for heading date among the populations (data not shown).
Realized gains for IVDMD were similar, or slightly lower than, predicted gains for all cycles of selection (Table 4) . We used two methods to predict gains from selection, to see which method was most similar to realized gains from selection. Predicted gains from selection using the equation Gs ? = h 2 S were smaller and closer in value to realized gains from selection than gains predicted using the equation Gs 2 = ih 2 o-p , possibly because S was determined using measured values and / is based on theoretical expectations. Averaged across cycles, a realized heritability estimate of 0.31 for high IVDMD was obtained, which is less than the 0.59 value reported by Vogel et al. (1981) for a single cycle of selection. Realized gains may have been less than predicted gains because some plants were not selected for sampling or for polycrossing because of undesirable agronomic traits such as presence of leaf diseases, or poor spring vigor following the sampling year. However, substantial increases in digestibility were possible even with limited selection pressure for traits other than IVDMD.
Significant differences (P < 0.05) were found among the populations for forage yield (Table 4) . Differences in establishment ability or persistence probably did not influence forage yield, as percent stand was not significantly different among the populations (data not shown). The High IVDMD C3 population was not significantly lower yielding than the base population, indicating that digestibility was increased without sacrificing forage yield.
No significant differences for forage yield were found between the base population and the populations selected for yield. The reason for the failure of RRPS to increase forage yield was probably due to little genetic variability for forage yield. The negative variance component estimate for families, determined from open-pollinated progeny, provides evidence for this situation. Breeding for improved forage yield in switchgrass will require the development of populations with more genetic variability for forage yield than exists in this population. Betweenand within-family selection has increased forage yield in lowland switchgrass types (Godshalk et al., 1988) and may be needed to improve forage yield of upland switchgrass types.
CONCLUSIONS
Predicted gain exceeded realized gains from selection for IVDMD, possibly because RRPS, as practiced in this study, was not strictly for IVDMD; however, RRPS effectively improved IVDMD on a sustained basis during three cycles of positive selection. Increased IVDMD was achieved without significantly decreased forage yield. Improvements in IVDMD were consistent for three stages of maturity. This study clearly shows that a single sample collected in a single year can be used to identify genetically superior high IVDMD switchgrass plants in a recurrent selection breeding program. Trailblazer switchgrass (High IVDMD Cl) increased animal gains and beef production by 17% in comparison with the Low IVDMD Cl population in a replicated grazing trial (Anderson et al., 1988) . The improved IVDMD of the High IVDMD Cycle 3 should result in additional gains in animal performance and beef production per hectare. Breeding for both improved yield and IVDMD in switchgrass may require between-and within-family selection, and use of a selection index as indicated by Godshalk et al. (1988) . This study demonstrates that the efficacy of a breeding procedure such as RRPS is limited by the available genetic variability in a population.
